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INTRODUCTION
Researchers (Furness. 1986; Stinnett, 1989) have recognized the tremendous potential that helmet-mounted displays (HMDs) and other virtual environment (VE) technologies have for enhancing pilot effectiveness in future air combat environments. However, in spite of the potential benefits, HMDs continue to be challenged by several technological limitations, including narrow fields of view (FOV), excessive helmet weight and bulkiness. display lag, inaccuracies in head position and tracking technologies, and suboptimal display resolution (see Beal & Sweetman. 1994, for review) . Indeed, such limitations may potentially disrupt the highly coordinated perceptual-motor skills required to pilot modern tactical aircraft, thereby jeopardizing performance efficiency and pilot safety. Accordingly, we believe it is imperative to conduct empirical evaluations of HMDs and other virtual environment technologies so as to determine their effects on human perception and performance.
Along these lines. Hettinger. Nelson, and Haas (1996) compared visual target detection in an HMD with that in a conventional dome display. In terms of performance efficiency, the HMD was found to be significantly poorer than the dome display with regard to percentage of correct detections (HMD = 73.4%. dome display = 99.8%) and the amount of time required to make a correct detection (HMD = 49.5 s. dome display = 39.4 s). In addition, participants' ratings of workload and fatigue were significantly higher in the HMD than in the conventional dome display.
One potential way to offset the problems reported by Hettinger et al. (1996) Toward that end. the present investigation was designed to evaluate the effects of virtual localized auditory information on target detection performance and workload when using an HMD. Auditory warning tones -pulsed pink noises with a cutoff frequency of 11 kHz -were presented binaurally to participants via a set of Sennheiser HD 250 II Studio Monitor headphones. The none auditory condition served as a control condition; hence, no auditory warning tone was presented in this condition, in the NL auditory condition, an acoustic warning tone accompanied the appearance of the visual target but provided no information regarding the spatial location of the target. In the localized auditory conditions (2D and 3D), the warning tone was generated to be perceived as an externalized signal so that its spatial location corresponded to that of the visual target. The 2D warning tone included azimuth and elevation cues, whereas the 3D tones included azimuth, elevation, and distance cues. HMD. A Kaiser Electronics SimEye 2500 helmet-mounted display was used in the HMD condition. The helmet consists of two green phosphor monochrome CRTs and has a nominal resolution of 1280 H x 1024 V pixels. The field of regard in the HMD was configured to match that of the SIRE dome display, approximately 150° H x 70° V. Given that the SimEye 2500 weighs approximately four pounds (1.81 kg), participants were required to wear a flight helmet (matched for weight) in all of the other visual conditions in order to control for differences in performance and workload attributable to this factor. Dome display. A Seos Displays Ltd. Prodas S600HB dome-display system was used in all visual conditions except the HMD condition. It consists of six 1280 H x 1024 V pixels resolution cathode ray tube projectors arranged in two rows of three projectors.
METHOD
Participants
Procedure. Prior to testing, participants were given detailed instructions specific to the particular visual or auditory condition on which they would be tested. The experimenter explained that on each trial a single target would approach from a random position on the dome (or HMD) and that the participant's task was to visually scan the display surface and detect the visual target as quickly as possible. All target aircraft approached from beyond visual range along a straight-on trajectory at a constant velocity. Participants performed 12 practice trials followed by 14 experimental trials (12 experimental trials and 2 catch trials) for each combination of the 16 possible auditory and visual conditions. Catch trials were those in which no visual targets were presented and were included in order to discourage premature responses.
Participants pressed a mouse button as soon as they were able to visually detect the approaching target. When this occurred, the dome (or HMD) display was blanked and participants marked the location of the target with a head-slaved cursor that appeared on the display. Participants received feedback after completing each block of 14 trials and rated the perceived mental workload associated with that block of trials by completing the NASA Task Load index. An experimental session ended after ail four auditory conditions had been completed within a single visual condition. Testing continued in following sessions with a different visual condition matched with all four auditory conditions.
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RESULTS
Target Detection Efficiency
Percentage of correct detections. Mean percentages of correct detections for all experimental conditions were analyzed with a 4 (visual conditions) x 4 (auditory conditions) repeated-measures analysis of variance (ANOVA), which revealed that the main effects for the visual and auditory factors and the Visual x Auditory interaction were statistically significant. R3, 27) = 38.17. p < .05, F(3. 27) = 82.75. p < .05.\and F(9. 81) = 9.49, p < .05. respectively. ^The Visual x Auditory interaction is illustrated in Figure 1 . in which mean percentages of correct detections are plotted for the four visual conditions under each of the auditory conditions.
The interaction was further investigated by tests of the simple main effects of auditory conditions within each level of the visual conditions and visual conditions within each level of the auditory conditions. All simple main effects were statistically significant (p < .05) with the exception of two tests: the effect for visual conditions within the 3D auditory condition. F < 1. and the effect of auditory condition within the full visual condition. F(3. 27) = 2.92, p > .05. The former implies that the 3D auditory condition served to equate target detection performance in all four visual conditions, whereas the latter attests to the advantage of providing operators with a wide FOV when performing visual target detection tasks.
Distance of correct detections. The mean distances at which targets were correctly detected, illustrated in Figure 2 . were used as an additional index of target detection efficiency. These data were analyzed with a similar repeated-measures ANOVA. which indicated \ that the visual and auditory main effects were statistically significant, F(3, 27) = 13.82, p < .05, and F(3. 27) = 29.61. p < .05, respectively. In addition, the Visual x Auditory interaction was found to be statistically significant. F(9, 81) = 2.38, p < .05. Further investigation of the interaction revealed that all tests of the simple main effects were statistically significant (p < .05) with the exception of the effect of visual conditions within the 2D auditory condition, F(3. 27) = 2.11. p > .05. This nonsignificant effect is important in that it implies that performance efficiency in the four visual conditions was equivalent when 2D localized auditory information was presented.
Workload Ratings
Overall workload. Mean overall workload scores on the NASA Task Load Index are displayed in Table 1 for all experimental conditions. An ANOVA of these data revealed significant main effects for the visual conditions, F(3. 27) = 9.58. p < .05. and auditory conditions. F(3. 27) = 45.70, p < .05. but failed to reveal a significant Visual x Auditory interaction (p > .05). Post hoc pairwise comparisons (/ tests with Bonferroni-adjusted alpha levels) revealed that workload scores associated with the 2D and 3D conditions were both significantly lower (p < .0083) than with the none and NL conditions. In addition.
-e Figure 2 . Mean distance of correct detection under all experimental conditions. The localized auditory conditions (M 2D = 3165 m and M 3D = 2697 m) were associated with higher target detection efficiency as compared with the nonlocaiized conditions (M none = 1894 m and M NL = 1973 m). As was the case with percentage correct detections, the effects of adding localized auditory cues were greatest in the HMD condition; localized auditory information effectively doubled the distance at which targets werccorrectly detected in the HMD. * X no significant differences (p > .0083) in workload ratings were revealed between the 2D and 3D conditions or the none and NL conditions. Finally, post hoc pairwise comparisons confirmed that workload ratings associated with the HMD conditions were significantly greater (p < .0083) than all other visual conditions and that the full. ML. and SL conditions were not significantly different from one another.
Analysis of Head Position Data
Qualitative and quantitative analyses. Head position data were used to create plots of participants' head motion activity during each trial and to calculate two quantitative metrics of head motion: total angular head displacement (i.e.. angular distance that the head traveled throughout an experimental trial) and average head velocity. Figures 3a through 3d depict typical head motions during target search and show differences in search strategies in the full visual condition among each of the four auditory conditions (none. NL. 2D, and 3D, respectively).
Angular head displacement. Angular head displacement data were subjected to a 4 (visual conditions) x 4 (auditory conditions) repeatedmeasures ANOVA. which revealed significant main effects for the visual and auditory factors. F(3, 27) = 14.35. p < .05. and F(3, 27) = 50.13. p < .05. respectively, and a significant Visual x Auditory interaction. F(9. 81) = 1.98. p < .05. The Visual x Auditory interaction is presented in Figure 4 . in which mean angular head displacement is plotted under all experimental conditions. Further exploration of the Visual x Auditory interaction with tests of the simple main effects indicated that all tests were statistically significant (p < .05) except for the effect of visual conditions within the 3D auditory condition, F(3. 27) = 2.83, p > .05.
Average head velocity. Mean head velocities for all experimental conditions, which are presented in Table 2 , were analyzed with a similar 4 (visual conditions) x 4 (auditory conditions) repeated-measures ANOVA. The main effects for visual conditions. F(3. 27) = 8.67. p < .05. and auditory conditions, F(3, 27) = 41.15. p < .05, were found to be statistically significant; however, the Visual x Auditory interaction lacked statistical significance (p > .05). Inspection of Table 2 indicates that velocities in the none and NL conditions were approximately two times greater than those associated with the 2D and 3D auditory conditions. Post hoc pairwise comparisons (/ tests with Bonferroni-adjusted alpha levels) of the four auditory conditions revealed that all comparisons were statistically significant (p < .0083) with the exception of the comparison between the 2D and 3D auditory conditions. Pairwise comparisons of the four visual conditions revealed that only the comparison between the full and HMD conditions reached significance, /(9) = 3.79. p < .0083.
DISCUSSION
The results of this experiment demonstrate the beneficial effects of virtual localized auditory information on performance and perceived workload in a visual target detection task. All metrics of performance efficiency, workload, and head motion revealed a significant advantage for conditions in which localized auditory cues were provided. Collectively, these outcomes support the position that <y Second, a particularly striking outcome that emerges from the present investigation is that virtual localized auditory information was effective in mitigating the negative effects associated with performing a visual target detection task with an HMD. In fact, the addition of localized auditory information served to equate the HMD with the other viewing conditions in terms of percentage correct detections (see Figure 1) , distance at which targets were correctly detected (see Figure 2) , and average angular head displacement (see Figure 4) . Accordingly, we view these data as strong preliminary support for the inclusion of virtual localized auditory cueing systems in HMDs, especially when operators are required to monitor and detect objects located outside of their FOV. However, we also recognize that our findings may not generalize to more-complex visual detection tasks in HMDs. Along these lines, we recommend that future investigations be conducted to assess the effects of virtual localized auditory cues on visual detection tasks that involve multiple targets, visual distractors, and nonstationary targets.
Last, in addition to enhancing target detection performance in the HMD condition, localized auditory cues were associated with less overall head motion and reductions in average head velocity. This finding is especially pertinent to tactical airborne applications, given the additional weight and offset center of gravity associated with HMDs and the fact that tactical aircraft often operate in elevated or high g. Namely, reduction in the amount of head motion required to detect targets in high-g environments is anticipated to reduce the risk of neck and shoulder fatigue, pilot workload, and neck strain and injury.
